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The profiles of the interaction of antimycobacterial drugs with macrophage (M�) antimicrobial mechanisms
have yet to be elucidated in detail. We examined the effects of various antimycobacterial drugs on the
anti-Mycobacterium avium complex (MAC) antimicrobial activity of reactive oxygen intermediates (ROIs),
especially of an H2O2-halogen (H2O2-Fe2�-NaI)-mediated bactericidal system, reactive nitrogen intermediates
(RNIs), and free fatty acids (FFAs), which are known as central antimicrobial effectors of host M�s against
mycobacterial pathogens. We have found that certain drugs, such as rifampin (RIF), rifabutin (RFB), isoniazid
(INH), clofazimine (CLO), and some fluoroquinolones, strongly or moderately reduced the anti-MAC activity
of the H2O2-Fe2�-NaI system, primarily by inhibiting the generation of hypohalite ions and in part by
interfering with the halogenation reaction of bacterial cell components due to the H2O2-Fe2�-NaI system. This
phenomenon is specific to the H2O2-Fe2�-NaI system, since these drugs did not reduce the anti-MAC activity
of RNIs and FFAs. From the perspective of the chemotherapy of MAC infections, the present findings indicate
an important possibility that certain antimycobacterial drugs, such as rifamycins (RIF and RFB), INH, CLO,
and also some types of fluoroquinolones, may interfere with the ROI-mediated antimicrobial mechanisms of
host M�s against intracellular MAC organisms.

Mycobacterium avium complex (MAC) infections, in partic-
ular M. avium infections, are frequently encountered among
patients with AIDS in the United States and European coun-
tries, as well as in other nations (7, 14). The clinical manage-
ment of MAC infections, in particular those in AIDS patients,
is generally difficult, in part because of the severely depressed
state of the host defense mechanisms in AIDS patients due to
the suppression of T-cell-mediated immunity, accompanied by
a severe reduction in the antimicrobial capacity of host mac-
rophages (M�s), which are central effector cells of the host
defense mechanisms against MAC (6, 14). In addition, many
drugs, with the exception of macrolides, are generally ineffec-
tive or weakly effective for MAC infections for the following
reasons. First, MAC organisms have an intrinsic resistance to
the majority of common antimycobacterial drugs due to their
impermeability to these agents (13, 14, 26). Furthermore, the
range of susceptibilities of clinical isolates of MAC to most
antimicrobial drugs, except macrolides, is very broad (13, 26).
Second, polyclonal MAC infections in AIDS patients may con-
tribute significantly to the lack of success in treating MAC
infections (7, 29).

In this context, the following situations with respect to the
activity of rifamycins, particularly rifalazil (RLZ; formerly
known as KRM-1648), and macrolides such as clarithromycin
(CLR) may be noteworthy. First, although RLZ has a much

lower MIC against MAC than other antituberculosis drugs, its
therapeutic efficacy against MAC infection is not as good as
expected based on its low MIC (22, 26–28). In contrast, the
bacteriological response in the patients with MAC infection to
treatment with CLR depends on the in vitro susceptibility
(based on the CLR MIC) of individual MAC pathogens to the
drug (26, 27). Second, the therapeutic efficacies of both a
rifamycin (RLZ) and macrolide (CLR) against MAC infection
induced in mice well correlate to their antimicrobial activities
against intramacrophage MAC (22, 27). Therefore, from the
viewpoint of clinical treatment of MAC infections, the eluci-
dation of the detailed profiles of the antimicrobial effects of
rifamycins and macrolides against intramacrophage MAC is of
particular interest.

Despite some controversies on the subject, effectors of the
antimycobacterial activity of M�s are believed to act in the
following ways. First, reactive nitrogen intermediates (RNIs)
have been demonstrated to play an important role in the ac-
tivity of M�s against MAC and other mycobacteria including
Mycobacterium tuberculosis (18, 23). Studies employing gamma
interferon gene- or inducible nitric oxide synthase gene-dis-
rupted mice indicated that RNIs were required for the activity
of M�s against M. tuberculosis (5, 17) but not entirely respon-
sible for the M� function to cope with M. avium (8). Second,
with respect to the role of reactive oxygen intermediates (ROIs),
it has been reported that ROIs are insufficient in inhibiting
and/or killing M. tuberculosis organisms (18, 19). However, we
have previously found that an H2O2-halogen (H2O2-Fe2�-
NaI)-mediated antimicrobial system (15), but not ROI mole-
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cules themselves, is potently efficacious in killing MAC and
M. tuberculosis organisms (1, 2, 32, 33). It thus appears that the
H2O2-Fe2�-NaI system may be involved in the activity of M�s
against MAC and M. tuberculosis, when the phagosomes of
M�s are supplied with catalytic Fe2� by the action of divalent
cation transporter proteins encoded by the Nramp-1 gene (9).
In this bactericidal system, the following reactions are thought
to occur, resulting in the generation of hypoiodous acid (HOI):
Fe2� � H2O23 Fe3� � OH� � OH; OH � I�3 OH� � I;
I � H2O2 3 IOH � OH (15). In cases of ROI-mediated
bacterial killing mechanisms in phagocytes, extremely bacteri-
cidal hypohalite radicals (HOCl and HOI) play more impor-
tant roles than more reactive but less toxic hydroxyl radicals
(12).

In addition, our previous studies showed that free fatty acids
(FFAs), such as arachidonic acid and linolenic acid, play im-
portant roles in the expression of M� antimicrobial activity
against MAC and M. tuberculosis in collaboration with RNIs
(1, 2). Moreover, we recently found that, in M�s infected with
mycobacterial organisms, type IV cytosolic phospholipase A2

translocates to phagosomes engulfing mycobacterial organisms
and exhibits catalytic effects to release arachidonic acid from
membrane phospholipids (unpublished data). This subse-
quently causes an attack of arachidonic acid on the mycobac-
terial organisms residing within phagosomal vesicles (2).

To date, the profiles of the interaction of antimycobacterial
drugs with antimicrobial effector molecules of host M�s are
not well known. Moreover, the consideration of these situa-
tions leads us to speculate that rifamycins, but not macrolides,
may affect the expression of the activity of M� antimicrobial
effectors, such as RNIs, ROIs, and FFAs in M� phagosomes
engulfing MAC organisms. In the present study, we examined
the effects of various antimycobacterial drugs, including rifa-
mycins, macrolides, aminoglycosides, isoniazid (INH), etham-
butol (EMB), pyrazinamide (PZA), fluoroquinolones, and clo-
fazimine (CLO), on the anti-MAC antimicrobial activity of
ROI (H2O2-Fe2�-NaI system), RNIs, and FFAs.

MATERIALS AND METHODS

Microorganisms. A smooth and transparent (SmT) colonial variant of MAC
strain N-444 (serovar 8) was used throughout the experiments. In some experi-
ments, the SmT and a smooth, opaque and dome-shaped (SmD) colonial variant
of MAC strain N-260 (serovar 16) were used. These two MAC strains were
isolated from patients in Japan with MAC infection and were identified as
M. avium and Mycobacterium intracellulare, respectively, by a DNA probe test.

For preparation of a bacterial suspension as an inoculum, test organisms were
grown in 7H9 broth (Difco Laboratories, Detroit, Mich.) supplemented with
albumin-dextrose-catalase enrichment and 0.05% (vol/vol) Tween 80 (vol/vol)
for 5 days. Bacterial suspensions prepared with phosphate-buffered saline con-
taining 1% (wt/vol) bovine serum albumin were gently sonicated by using a
sonicator (Model UR-20P; Tomy Seiko Co., Tokyo, Japan) for 5 s and centri-
fuged at 150 � g for 5 min to eliminate bacterial clumps, and the upper layer
(about 80% volume) was saved as an inoculum. The bacterial suspension pre-
pared in this fashion contained no obvious bacterial clumps on microscopic
observation. Drug susceptibility in terms of MICs for test organisms has been
determined by the broth dilution method with 7HSF medium (22) and deter-
mined as indicated in Table 1.

Special agents. Special agents and antimicrobial drugs used in this study were
as follows: CLR (Taisho Pharmaceutical Co., Tokyo, Japan), rifampin (RIF;
Wako Pure Chemical Industries, Osaka, Japan), ciprofloxacin (CIP; Bayer Yaku-
hin, Ltd., Osaka, Japan), levofloxacin (LVX; Daiichi Pharmaceutical Co., Tokyo,
Japan), sitafloxacin (STX; Daiichi Pharmaceutical Co.), INH (Daiichi Pharma-
ceutical Co.), rifabutin (RFB; Farmitalia Carlo Erba Research Laboratories,
Milan, Italy), gatifloxacin (GAT; Kyorin Pharmaceutical Co., Tokyo, Japan),

sparfloxacin (SPX; Dainippon Pharmaceutical Co., Tokyo, Japan), PZA (Sankyo
Co., Tokyo, Japan), EMB (Japan Lederle Co., Tokyo, Japan), streptomycin
(STR; Meiji Seika Co., Tokyo, Japan), kanamycin (KAN; Meiji Seika Co.), CLO
(Ciba-Geigy Co., Tokyo, Japan), cycloserine (CLS; Wako Pure Chemical Indus-
tries), arachidonic acid (Sigma Chemical Co., St. Louis, Mo.), monocholoro-
dimedon (MCD; Sigma Chemical Co.), myeloperoxidase (MPO; Sigma Chemi-
cal Co.), luminol (Wako Pure Chemical Industries), phorbol myristate acetate
(PMA; Sigma Chemical Co.), and Zymosan A (Sigma Chemical Co.).

Bacterial killing by antimicrobial effectors. The antimicrobial activities of the
H2O2-Fe2�-NaI system and RNIs against MAC organisms were measured as
follows. First, the activity of the H2O2-Fe2�-NaI system (15) was measured by
treating MAC organisms (ca. 106 CFU) in a reaction mixture (1.0 ml) consisting
of 10 �M (N-260) or 20 �M (N-444) concentrations of H2O2, NaI, and FeSO4 in
100 mM sodium acetate buffer (pH 5.5) at 37°C for 1 or 2 h. In this experiment,
H2O2, NaI, and FeSO4 alone at test concentrations were not toxic for the MAC
organisms. Second, for measurement of the activity of RNIs, MAC organisms
(ca. 106 CFU) were treated with RNIs generated in a reaction mixture (1.0 ml)
containing 15 to 20 mg of NaNO2/ml in 100 mM sodium acetate buffer (pH 5.5)
at 37°C for 2 h. This reaction system has been demonstrated to yield RNIs
including NO radical (24). Third, for measurement of the activity of FFAs, MAC
organisms (ca. 106 CFU) were treated with 20 �g of FFA (arachidonic acid) per
ml, which was finely emulsified in 1.0 ml of 100 mM sodium acetate buffer (pH
5.5) at 37°C for 2 h (1). After individual treatments of test organisms, residual
numbers of bacterial CFU were counted on 7H11 agar. In this study, the pH
values of the antimicrobial systems were fixed at 5.5, since current evidence
indicated that the phagosomes of M�s engulfing virulent mycobacterial patho-
gens equilibrated to pH values of 5.5 to 5.7 after bacterial phagocytosis (21). The
above three cell-free antimicrobial systems essentially mimic actual in vivo con-
ditions, particularly the concentrations of H2O2, NaI, Fe2�, RNIs, and FFA
(arachidonic acid) (1, 10, 11, 16, 24, 33).

HOI production by the H2O2-Fe2�-NaI system. HOI production by the H2O2-
Fe2�-NaI system was measured in terms of luminol-dependent chemilumines-
cence (CL), since hypohalite ion in combination with H2O2 produces potent
luminol-dependent CL (3). The reaction mixture consisting of the H2O2-Fe2�-
NaI system and 0.1 mM luminol, in a total volume of 3.0 ml, was incubated at
37°C for 30 s. Photoemission was measured in a lumiphotometer (Lumicounter
ATP-237; Toyo Kagaku Industry, Tokyo, Japan).

Halogenation reaction by the H2O2-Fe2�-NaCl system. The H2O2-Fe2�-NaCl
system consisting of 20 �M concentrations of H2O2, NaCl (instead of NaI), and
FeSO4, and 0.1 mM MCD as a halogen acceptor in a total volume of 3.0 ml
was incubated at 25°C. Chlorination of the substrate MCD was monitored by
measuring the decrease in the absorbance at 278 nm, according to the method of
Morris and Hager (20).

MPO-mediated halogenation reaction. The MPO-mediated halogenation re-
action was measured according to the method of Morris and Hager (20) with
slight modifications. Briefly, the assay mixture consisting of 300 �mol of potas-

TABLE 1. MICs of test antimycobacterial drugs for
three test strains of MACa

Drug
MIC(�g/ml) for strain:

N-444 SmT N-260 SmT N-260 SmD

RIF 8 8 0.25
RFB 1 1 0.13
CLR 8 4 0.13
EMB 16 16 16
STR 8 16 2
KAN 8 16 2
INH 64 16 4
CIP 8 8 0.5
LVX 16 16 0.5
SPX 2 4 0.25
STX 2 4 0.13
GAT 4 8 0.25
CLO 0.5 1 0.5
PZAb �128 �128 �128
CLS 32 128 32

a Determined by the broth dilution method with 7HSF medium.
b Among the test drugs, only PZA requires acidic pH (pH 6.0) in 7HSF

medium.
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sium phosphate buffer (pH 2.75), 60 �mol of KCl, 6 �mol of H2O2, 0.3 �mol of
MCD, and 0.2 U of MPO in a total volume of 3.0 ml was incubated at 25°C for
5 min. Chlorination of the substrate MCD was measured as described as above.

ROI production by M�s. Production of ROIs (especially HOCl and H2O2) by
M�s was measured in terms of PMA-triggered luminol-dependent CL (1, 3).
Peritoneal exudate cells were harvested from BALB/c mice (Japan Clea Co.,
Osaka, Japan) 4 days after intraperitoneal injection of 1.0 mg of Zymosan A. The
peritoneal exudate cells (106) were preincubated in 1.0 ml of Hanks’ balanced
salt solution (free of phenol red) containing 10 mM HEPES, 0.2% glucose, 0.1
mM luminol, and 10 �M concentrations of the test antimicrobial drugs at 37°C
for 10 min. M� photoemission was then measured at 37°C in a lumiphotometer
for 3 min after the addition of 100 ng of PMA dissolved in 10 �l of dimethyl
sulfoxide.

Statistical analysis. Statistical analysis was performed by using Bonferroni’s
multiple t test.

RESULTS

Effects of antimicrobial drugs on the expression of the anti-
MAC activity of ROIs. First, we examined the effects of various
antimicrobial drugs on the antimicrobial activity of the H2O2-
Fe2�-NaI system against an SmT colonial variant of MAC
strain N-444 (M. avium). As shown in Table 2, when test drugs
were added at the same molar concentration (10 �M each,
equivalent to the following amounts: CLR, 7.5 �g/ml; RIF,
8.2 �g/ml; RFB, 8.5 �g/ml; EMB, 2.8 �g/ml; STR, 7.3 �g/ml;
KAN, 5.8 �g/ml; INH, 1.4 �g/ml; CLO, 4.7 �g/ml; PZA, 1.2
�g/ml; CLS, 1.0 �g/ml; CIP, 3.9 �g/ml; LVX, 3.7 �g/ml; SPX,

3.9 �g/ml; STX, 4.4 �g/ml; and GAT, 4.0 �g/ml), RIF, RFB,
INH, and CLO markedly inhibited the anti-MAC activity of
the H2O2-Fe2�-NaI system. Moderate to weak inhibitory ef-
fects were also observed for fluoroquinolones, including CIP,
LVX, SPX, STX, and GAT. The other test drugs, including
CLR, EMB, STR, KAN, PZA, and CLS, showed no such
inhibitory action. Under the present experimental conditions,
none of the test drugs caused significant bacterial killing of
MAC organisms when each drug alone was added to the in-
cubation buffer, since the incubation time was too short for the
test drugs to exert observable bactericidal effects (data not
shown).

Next, we examined the effects of test drugs on the anti-MAC
strain N-444 activity of the H2O2-Fe2�-NaI system when drugs
were added at the maximum concentration in serum (Cmax)
achievable after their administration at clinical dosages. As
indicated in Table 3, RIF (6.2 �g/ml) and INH (7.3 �g/ml)
exhibited strong inhibitory activity. Moderate to weak inhibi-
tory effects were also noted for CLO and the fluoroquinolones.
The other drugs exerted only weak inhibitory action, except for
CLS and STR, which have very large Cmax values (CLS, 17 �g/
ml; STR, 45 �g/ml). These results indicate that RIF, INH, and
some other drugs, such as fluoroquinolones, antagonize the
anti-MAC activity of the H2O2-Fe2�-NaI system, even at the in
vivo concentrations achievable by administering the usual dos-
ages. Although there was a significant difference in the inhib-
itory effect of the system for RIF between experiments 1 and 3,

TABLE 2. Effects of various antimycobacterial drugs on the
expression of the antimicrobial activity of H2O2-Fe2�-NaI

system against M. avium strain N-444 SmTa

Expt
no.

Incubation
time (h) Drug

Log CFUb

(mean � SEM)
Reduction in
the activity of

H2O2-Fe2�-NaI
system (mean

� SEM)c
Buffer
alone

H2O2-Fe2�-
NaI system

1 0 None 6.04 � 0.02
2 None 3.87 � 0.01
2 RIF 5.54 � 0.04d 1.67 � 0.06
2 CLR 3.75 � 0.07 �0.12 � 0.07
2 INH 5.87 � 0.05d 2.00 � 0.07
2 STR 4.05 � 0.04 0.18 � 0.06
2 CLS 4.11 � 0.05 0.24 � 0.07

2 0 None 5.97 � 0.01
2 None 3.23 � 0.01
2 RIF 5.20 � 0.02d 1.97 � 0.01
2 RFB 5.66 � 0.01d 2.43 � 0.01
2 EMB 3.33 � 0.04 0.10 � 0.02
2 KAN 3.39 � 0.05 0.16 � 0.03
2 CLO 5.04 � 0.02d 1.81 � 0.01
2 PZA 3.31 � 0.03 0.08 � 0.02

3 0 None 5.98 � 0.03
2 None 3.09 � 0.14
2 RIF 5.28 � 0.01d 2.19 � 0.08
2 CIP 3.41 � 0.06 0.32 � 0.09
2 LVX 3.65 � 0.00 0.56 � 0.08
2 SPX 3.77 � 0.11 0.68 � 0.10
2 STX 3.45 � 0.10 0.36 � 0.10
2 GAT 3.38 � 0.09 0.29 � 0.09

a Each test drug was added at a concentration of 10 �M to the H2O2-Fe2�-NaI
system. The experiments were repeated three times and yielded similar results.

b Residual bacterial CFU before and after 2 h-incubation in the presence or
absence of test drugs is indicated in log units (n � 3).

c This parameter was calculated as follows: log CFU (H2O2-Fe2�-NaI system
� drug; 2 h) � log CFU (H2O2-Fe2�-NaI system alone; 2 h).

d Significantly greater than the value of the control (without drug) incubation
(P 	 0.01).

TABLE 3. Effects of various antimycobacterial drugs added at
the Cmax on the expression of the antimicrobial activity of

H2O2-Fe2�-NaI system against M. avium strain N-444 SmTa

Expt
no.

Incubation
time (h)

Drug
(�g/ml)

Log CFU
(mean � SEM)

Reduction in
the activity of

H2O2-Fe2�-NaI
system (mean

� SEM)b
Buffer
alone

H2O2-Fe2�-
NaI system

1 0 None 6.18 � 0.02
2 None 4.91 � 0.10
2 RIF (6.2) 5.85 � 0.03c 0.94 � 0.06
2 CLR (2.3) 5.22 � 0.06 0.31 � 0.07
2 LVX (2.0) 5.58 � 0.05d 0.67 � 0.06
2 STX (1.0) 5.16 � 0.05 0.25 � 0.06
2 GAT (1.8) 5.46 � 0.10 0.55 � 0.08

2 0 None 5.96 � 0.03
2 None 3.53 � 0.06
2 RFB (0.38) 2.99 � 0.14 �0.54 � 0.09
2 INH (7.3) 5.82 � 0.02c 2.29 � 0.04
2 PZA (35) 3.07 � 0.12 �0.46 � 0.08
2 CLS (17) 4.93 � 0.02c 1.40 � 0.03

3 0 None 5.99 � 0.01
2 None 2.52 � 0.23
2 RIF (6.2) 5.40 � 0.01c 2.88 � 0.13
2 EMB (2.1) 2.78 � 0.32 0.26 � 0.23
2 STR (45) 3.92 � 0.04 1.40 � 0.13
2 CLO (0.41) 3.39 � 0.24 0.87 � 0.19

a Each test drug was added to the H2O2-Fe2�-NaI system at the Cmax achiev-
able in blood after administration of its clinical dosage. Other details are the
same as in Table 2.

b Log-unit decrease calculated as for Table 2.
c Significantly greater than the value of the control (without drug) incubation

(P 	 0.01).
d Significantly greater than the value of the control (without drug) incubation

(P 	 0.05).
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we obtained reproducible results for the profiles of the effects
of individual drugs on the anti-MAC activity of the H2O2-
Fe2�-NaI system in repeated experiments.

In order to examine whether the present finding is peculiar
to the SmT colonial variant of MAC strain N-444 (M. avium),
we performed additional experiments with SmT and SmD co-
lonial variants of the MAC strain N-260 (M. intracellulare),
following the same protocols as for the experiment represented
in Table 2. As described below in detail, essentially the same
profile was observed for the inhibitory effects of test antimy-
cobacterial drugs on the H2O2-Fe2�-NaI system against the
MAC strain N-260 SmT and SmD variants as that observed
when the MAC strain N-444 SmT variant was used as a target
organism (Table 2). As shown in Table 4, RIF, RFB, INH, and
CLO markedly inhibited the antimicrobial activity of the
H2O2-Fe2�-NaI system against the MAC strain N-260 SmT-
variant, and moderate inhibitory effects were observed for
CLR and CIP. EMB and KAN exerted no such marked inhib-
itory effects. As indicated by the data in Table 5, RIF, RFB,
INH, CIP, and CLO strongly inhibited the antimicrobial activ-
ity of the H2O2-Fe2�-NaI system against the MAC strain
N-260 SmD variant. CLR, EMB, and KAN caused moderate to
weak inhibition. These findings indicate that certain antimyco-
bacterial drugs, especially RIF, RFB, INH, and CLO, potently
interfere with the expression of the antimicrobial activity of the
H2O2-Fe2�-NaI system against MAC organisms irrespective of
species (M. avium or M. intracellulare) or colonial variants
(SmT or SmD). It is also noted that the ROI-mediated anti-
microbial activity against SmD colonial variants is considerably
more susceptible to the antagonistic effects of antimycobacte-
rial drugs than that against SmT colonial variants of MAC
strains (Table 5 versus Table 4).

Effects of antimicrobial drugs on the expression of the anti-
MAC effects of RNIs and FFAs. In order to know whether or
not the inhibitory effects of rifamycins, INH, CLO, and quin-
olones against the H2O2-Fe2�-NaI system are specific to the

ROI-mediated microbicidal system, we examined the effects
of test drugs on the expression of the anti-MAC activity of
RNIs, which are generated from acidified NaNO2 and an
FFA (arachidonic acid). As shown in Table 6, none of the test
drugs affected the RNI-mediated killing of MAC organisms
(strain N-444 SmT variant), except for CLO, which caused a
weak to moderate level of inhibition. Similarly, as indicated in
Table 7, none of the test drugs significantly affected the FFA-
mediated killing of MAC strain N-444 organisms. These find-
ings indicate that rifamycins, INH, quinolones, and also CLO
specifically inhibit the H2O2-Fe2�-NaI system.

Mechanisms of the inhibitory action of rifamycins, INH,
CLO, and quinolones against the bactericidal activity of the
H2O2-Fe2�-NaI system. Next, we investigated the mechanisms
of the inhibitory effects of rifamycins, INH, CLO, and quino-
lones against the H2O2-Fe2�-NaI-mediated bacterial killing of
MAC organisms. First, we examined the effects of test drugs on
the generation of hypohalite ions by the H2O2-Fe2�-NaI sys-
tem. In this experiment, HOI generation was monitored by
measuring luminol-dependent CL, which is produced by lumi-
nol oxidation due to H2O2 in combination with HOI generated
by the H2O2-Fe2�-NaI system (3). As shown in Fig. 1, the
H2O2-Fe2�-NaI system produced significant levels of luminol-
dependent CL. Notably, rifamycins (RIF and RFB), INH, and
quinolones (LVX, STX, and GAT) strongly reduced the CL,
causing 42 to 85% inhibition. On the other hand, CLR, EMB,
and PZA exerted weak inhibitory activity, causing 19 to 23%
inhibition, while the aminoglycosides (STR and KAN), CLO,
and CLS did not exhibit any significant inhibitory activity. The
extent of the antimicrobial drug-mediated reduction of the CL
(HOI) generation by the H2O2-Fe2�-NaI system essentially
paralleled the drug-mediated inhibition of the anti-MAC ac-
tivity of the same system except in the case of CLO (compare
Fig. 1 and Table 2). Next, we examined the effects of test drugs
on the halogenation reaction caused by the H2O2-Fe2�-NaCl
system. As shown in Fig. 2, chlorination of a substrate MCD by

TABLE 4. Effects of various antimycobacterial drugs on the
expression of the antimicrobial activity of H2O2-Fe2�-NaI

system against M. intracellulare strain N-260 SmTa

Incubation
time (h) Drug

Log CFUb

(mean � SEM)
Reduction in
the activity of

H2O2-Fe2�-NaI
system (mean

� SEM)c
Buffer
alone

H2O2-Fe2�-NaI
system

0 None 6.03 � 0.02
1 None 4.79 � 0.07
1 RIF 5.75 � 0.02d 0.96 � 0.07
1 RFB 5.97 � 0.02d 1.17 � 0.04
1 CLR 5.55 � 0.03d 0.75 � 0.04
1 EMB 5.18 � 0d 0.39 � 0.04
1 KAN 4.80 � 0.10 0.01 � 0.07
1 INH 5.95 � 0.04d 1.15 � 0.08
1 CIP 5.64 � 0.05d 0.85 � 0.09
1 CLO 5.95 � 0.02d 1.16 � 0.07

a Each test drug was added at a concentration of 10 �M to the H2O2-Fe2�-NaI
system. The other details are same as in Table 2.

b Residual bacterial CFU before and after 1-h incubation in the presence or
absence of test drugs is indicated in log units (n � 3).

c This parameter was calculated as follows: log CFU (H2O2-Fe2�-NaI system
� drug; 1 h) � log CFU (H2O2-Fe2�-NaI system alone; 1 h).

d Significantly greater than the value of the control (without drug) incubation
(P 	 0.01).

TABLE 5. Effects of various antimycobacterial drugs on the
expression of the antimicrobial activity of H2O2-Fe2�-NaI

system against M. intracellulare strain N-260 SmDa

Incubation
time (h) Drug

Log CFUb

(mean � SEM)
Reduction in
the activity of

H2O2-Fe2�-NaI
system (mean

� SEM)c
Buffer
alone

H2O2-Fe2�-NaI
system

0 None 6.09 � 0.02
1 None 3.29 � 0.14
1 RIF 4.76 � 0.09d 1.47 � 0.10
1 RFB 5.44 � 0.11d 2.15 � 0.12
1 CLR 4.26 � 0.10d 0.98 � 0.10
1 EMB 3.82 � 0.10 0.54 � 0.10
1 KAN 3.70 � 0.12 0.42 � 0.11
1 INH 5.88 � 0.01d 2.57 � 0.07
1 CIP 4.40 � 0.08d 1.12 � 0.09
1 CLO 4.59 � 0.05d 1.30 � 0.09

a Each test drug was added at a concentration of 10 �M to the H2O2-Fe2�-NaI
system. Other details are the same as in Table 2.

b Residual bacterial CFU before and after 1-h incubation in the presence or
absence of test drugs is indicated in log units (n � 3).

c This parameter was calculated as follows: log CFU (H2O2-Fe2�-NaI system
� drug; 1 h) � log CFU (H2O2-Fe2�-NaI system alone; 1 h).

d Significantly greater than the value of the control (without drug) incubation
(P 	 0.01).
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this system was potently inhibited by CLR, RIF, RFB, and
CLO, while neither EMB, STR, KAN, INH, LVX, PZA, nor
CLS exhibited such inhibitory action. Although the inhibitory
effects of rifamycins (RIF and RFB) and CLO against MCD
chlorination paralleled their inhibitory action against the anti-
MAC activity of the H2O2-Fe2�-NaI system, such parallelism
was not observed for CLR, INH, and LVX (compare Fig. 2 and
Table 2). The MPO-mediated halogenation reaction, mea-
sured in terms of the chlorination of MCD used as a halogen
acceptor, was weakly inhibited by RIF and CLR (23.8% �
6.6% and 16.8% � 4.8% inhibition, respectively), but such
inhibitory action was not noted for INH and EMB (�3.7% �
4.8% and 4.0% � 2.2% inhibition, respectively). In any case, it
appears that the MPO-mediated halogenation reaction is es-
sentially insensitive to these antimycobacterial drugs.

As shown in Fig. 3, although RIF and RFB significantly
inhibited the PMA-induced luminol-dependent CL of M�s,
the other drugs failed to show such inhibitory action. Some
fluoroquinolones (CIP, LVX, SPX, STX, and GAT) even
caused a slight increase of the M� CL. Thus, none of the test
drugs except for the rifamycins seem to affect the M� ability to
produce ROIs in a marked fashion. Notably, the effects of test
drugs on the ROI-producing ability of M�s do not correlate
with their efficacies in inhibiting the anti-MAC activity of the
H2O2-Fe2�-NaI system.

DISCUSSION

We have previously found that the H2O2-Fe2�-NaI system
plays important roles in the antimycobacterial activity of host
M�s (1, 2). The present findings indicate that certain types of
antimycobacterial drugs, including rifamycins (RIF and RFB),
INH, and CLO, have potent inhibitory activity against the
anti-MAC antimicrobial effects of the H2O2-Fe2�-NaI system.
Moreover, some quinolones, such as LVX and SPX, also have
moderate inhibitory activity against the same bactericidal sys-
tem. This study, to our knowledge, is the first observation of
the antagonistic effects of certain antimycobacterial drugs
against the ROI-mediated antimicrobial mechanisms of M�s.
Since the above phenomenon was not observed in the case of
the RNI- or FFA-mediated killing of MAC organisms, it ap-
pears that these drugs specifically inhibited the ROI-mediated
bactericidal activity of the H2O2-Fe2�-NaI system.

Careful consideration of the chemical structures of test
drugs revealed an interesting relationship between the chem-
ical structure of a given drug and its ability to inhibit the
anti-MAC activity of the H2O2-Fe2�-NaI system. Without ex-
ception, rifamycins, INH, CLO, and quinolones, which exert
significant inhibitory action against the H2O2-Fe2�-NaI sys-
tem, possess conjugated double bonds in their chemical struc-
tures. On the other hand, CLR, EMB, the aminoglycosides,
and CLS, which are inefficacious in inhibiting the H2O2-Fe2�-
NaI anti-MAC system, are lacking in such conjugated double
bonds. The only exception is PZA, since it exhibits no inhibi-
tory action against the H2O2-Fe2�-NaI system in spite of hav-
ing conjugated double bonds. Thus, there may be a tendency
that drugs that are more sensitive to ROI-mediated oxidation
have more potent activity to inhibit the H2O2-Fe2�-NaI bac-
tericidal system.

In addition, these drugs strongly inhibited HOI generation
by the H2O2-Fe2�-NaI system. The inhibitory activity of a drug
against hypohalite ion production essentially paralleled the

TABLE 6. Effects of various antimycobacterial drugs on the
expression of the antimicrobial activity of RNIs

against M. avium strain N-444 SmTa

Experi-
ment
no.

Incubation
time (h) Drug

Log CFU
(mean � SEM) Reduction in the

activity of RNI-
mediated system
(mean � SEM)bBuffer

alone

RNI-mediated
antimicrobial

system

1 0 None 6.01 � 0.02
2 None 4.18 � 0.02
2 RIF 3.55 � 0.04 �0.63 � 0.02
2 RFB 3.60 � 0.03 �0.58 � 0.02
2 EMB 3.83 � 0.05 �0.35 � 0.03
2 KAN 4.01 � 0.03 �0.17 � 0.02
2 CLO 4.53 � 0.06c 0.35 � 0.04
2 PZA 4.00 � 0.04 �0.18 � 0.02

2 0 None 6.00 � 0.02
2 None 3.70 � 0.06
2 CLR 3.41 � 0.02 �0.29 � 0.04
2 INH 3.70 � 0.08 0.00 � 0.06
2 STR 3.66 � 0.08 �0.04 � 0.06
2 CLO 4.20 � 0.02c 0.50 � 0.04
2 CLS 3.67 � 0.07 �0.03 � 0.05

3 0 None 5.93 � 0.02
2 None 3.33 � 0.10
2 RIF 3.06 � 0.06 �0.27 � 0.07
2 CIP 3.27 � 0.08 �0.06 � 0.07
2 LVX 3.31 � 0.02 �0.02 � 0.06
2 SPX 3.10 � 0.13 �0.23 � 0.10
2 STX 3.15 � 0.04 �0.18 � 0.06
2 GAT 3.16 � 0.08 �0.17 � 0.07

a Each test drug was added at a concentration of 10 �M to acidified NaNO2.
The other details are the same as in Table 2.

b This parameter was calculated as follows: log CFU (acidified NaNO2 � drug;
2 h) � log CFU (acidified NaNO2 alone; 2 h).

c Significantly greater than the value of the control (without drug) incubation
(P 	 0.05).

TABLE 7. Effects of various antimycobacterial drugs on the
expression of the antimicrobial activity

of FFA against M. avium strain N-444 SmTa

Incubation
time (h) Drug

Log CFU
(mean � SEM) Reduction in the

activity of FFA-
mediated system
(mean � SEM)bBuffer

alone

FFA-mediated
antimicrobial

system

0 None 5.87 � 0.02
2 None 3.15 � 0.27
2 RIF 3.20 � 0.29 0.05 � 0.23
2 RFB 2.71 � 0.14 �0.44 � 0.18
2 CLR 3.38 � 0.22 0.23 � 0.20
2 EMB 3.32 � 0.07 0.17 � 0.16
2 STR 3.01 � 0.09 �0.14 � 0.17
2 KAN 3.30 � 0.06 0.15 � 0.16
2 INH 3.30 � 0.01 0.15 � 0.16
2 CIP 2.74 � 0.11 �0.41 � 0.17
2 LVX 3.03 � 0.30 �0.12 � 0.24
2 SPX 3.47 � 0.09 0.32 � 0.17
2 CLO 3.16 � 0.11 0.01 � 0.17

a Each test drug was added at a concentration of 10 �M to the FFA (arachi-
donic acid)-mediated system. The other details are the same as in Table 2.

b This parameter was calculated as log CFU (arachidonic acid � drug; 2 h) �
log CFU (arachidonic acid alone; 2 h).
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drug’s ability in reducing the anti-MAC activity of the H2O2-
Fe2�-NaI system except for CLO. Therefore, the inhibition of
the H2O2-Fe2�-NaI system-mediated killing of MAC organ-
isms due to these drugs is attributable to their ability to inhibit
HOI generation. On the other hand, considerably different
profiles were seen for the effects of test drugs on the H2O2-
Fe2�-NaCl system-mediated chlorination of the halogen ac-
ceptor MCD, in accordance with the following explanation.
First, RIF, RFB, and CLO strongly inhibited MCD chlorina-
tion. Therefore, it is likely that both rifamycins and CLO in-
hibit the H2O2-Fe2�-NaI system-mediated halogenation reac-
tion. In particular, it appears that the inhibitory action of CLO
against ROI (H2O2-Fe2�-NaI system)-mediated anti-MAC ac-
tivity is mainly attributable to this effect. Second, neither INH
nor the quinolones exhibited such inhibitory action, although
they are efficacious in inhibiting the H2O2-Fe2�-NaI system-
mediated anti-MAC action. Third, CLR displayed a potent
inhibitory effect against MCD chlorination, despite the fact

that it caused no reduction in the anti-MAC activity of the
H2O2-Fe2�-NaI system. Thus, the inhibitory effects of RIF,
RFB, and CLO against the H2O2-Fe2�-NaI-mediated bacterial
killing of MAC organisms are at least in part attributable to the
reduction of the halogenation reaction in the bactericidal sys-
tem due to these rifamycins. Particularly, it appears that the
inhibitory action of CLO against the anti-MAC activity of the
H2O2-Fe2�-NaI system is mainly attributable to this effect.
However, there may be no such parallelism for the other drugs,
especially INH, the quinolones, and CLR.

In the cases of ROI-mediated bacterial killing mechanisms
in phagocytes, extremely bactericidal hypohalite radicals (HOCl
and HOI) play important roles (12). It has been reported that
in the myeloperoxidase-mediated halogenation of bacterial
components, hypohalite radicals play the roles of halogenating
intermediates (4). However, it is also known that 50 to 70% of
HOCl is consumed in peptide bond cleavage or the oxidation
of bacterial components, including iron-sulfur proteins, mem-
brane transport proteins, and the ATP generating system, and
only 30 to 50% of HOCl is consumed in the chlorination of
bacterial components (12, 25). Therefore, it is thought that
hypohalite radicals exhibit bactericidal activity by inactivating

FIG. 1. Effects of various antimicrobial drugs on the generation of
hypohalite ions in the H2O2-Fe2�-NaI system, measured in terms of
H2O2-HOI-mediated CL. Each test drug was added to the incubation
mixture at a concentration of 10 �M. Each bar indicates the mean �
standard error of the mean (n � 3) of the relative CL intensity, when
the value of the control incubation (without drug; 17,778 � 371 cpm)
was fixed to be 100%. *, value significantly smaller than the value of the
control incubation (P 	 0.01).

FIG. 2. Effects of various antimicrobial drugs on the halogenation
reaction caused by the H2O2-Fe2�-NaCl system. Chlorination of the
substrate MCD added as a halogen acceptor was monitored by mea-
suring the decrease in the absorbance at 278 nm (�
OD278). Each test
drug was added to the reaction mixture at a concentration of 10 �M.
Each bar indicates the mean � standard error of the mean (n � 3) of
the relative value of �
OD278, when the value of the control incuba-
tion (without drug; ca. �0.038/10 min.) was fixed to be 100%. The
other details are the same as described in the legend of Fig. 1.
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bacterial cell components due not only to a halogenation re-
action but also to other types of radical reactions. This may
explain the discrepancy between the effects of the test drugs on
MCD halogenation by the H2O2-Fe2�-NaCl system and their
efficacies in inhibiting the anti-MAC activity of the H2O2-
Fe2�-NaI system.

The result shown in Fig. 3 indicates that luminol-dependent
CL in PMA-triggered M�s was not inhibited by INH, CLO,
and the quinolones, all of which exerted significant inhibitory
activity against the production of the hypohalite ion in the
H2O2-Fe2�-NaI system, although rifamycins (RIF and RFB)
exerted strong inhibitory effects against the luminol-dependent
CL in M�s. This finding is somewhat enigmatic, because it has
generally been known that luminol-dependent M� CL is main-
ly produced due to the oxidation of luminol molecules by H2O2

and hypohalite ions. However, in this context, the previous
findings by Wang et al. (30, 31) may be significant. They found
that PMA-induced luminol-dependent CL in M�s is largely
dependent on L-arginine metabolism by inducible nitric oxide

synthase of PMA-triggered M�s, requiring the concurrent for-
mation of NO and O2

�/H2O2, whereas the hypohalite ion is
mainly responsible for luminol-dependent CL in granulocytes
(30, 31). Therefore, it appears that rifamycins, but not other
drugs, display inhibitory effects against NO and/or O2

�/H2O2

production.
In any case, the present study strongly suggested the possi-

bility that certain antimycobacterial drugs, such as rifamycins
(RIF and RFB), INH, CLO, and some fluoroquinolones, an-
tagonize the ROI (H2O2-Fe2�-NaI system)-mediated antimi-
crobial mechanisms of host M�s against MAC organisms, pri-
marily by inhibiting the generation of HOI by the H2O2-Fe2�-
NaI system and in part by inhibiting its iodination of bacterial
cell components. This is an important finding from the view-
point of the chemotherapy of MAC-infected patients and reg-
imens involving these drugs. A great discrepancy is known for
the in vitro and in vivo anti-MAC activities of rifamycins,
especially in the case of RLZ. That is, the therapeutic efficacy
of rifamycins against MAC infections is much weaker than that
expected from their MICs for MAC isolates (22, 26–28). This
enigmatic situation may be in part explained by using the
present finding that rifamycins antagonize the ROI-mediated
antimicrobial mechanisms of host M�s. A similar situation
may more or less account for the obscure therapeutic out-
comes of INH and fluoroquinolones in MAC-infected patients,
in addition to their relatively high MICs for MAC isolates.
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